Variations in T 1ρ with locking-field strength (T 1ρ dispersion) may be used to estimate proton exchange rates. We developed a novel approach utilizing the second derivative of the dispersion curve to measure exchange in a model system of cross-linked polyacrylamide gels. These gels were varied in relative composition of co-monomers, increasing stiffness, and in pH, modifying exchange rates.
INTRODUCTION
A more complete understanding of proton relaxation processes in heterogeneous tissues would likely assist the interpretation of magnetic resonance images in both clinical and preclinical applications, and potentially provide the basis for improved methods of tissue characterization. Quantitative information about proton relaxation dynamics in tissues may be obtained by a variety of magnetic resonance techniques, which provide insights into the manner in which water protons interact with macromolecules. These interactions affect relaxation times and image contrast, and quantitative measurements can in principle yield insights into the time scale of molecular motions, the sizes of different pools of protons, chemical and diffusive exchange processes, protein sizes and concentrations, and other attributes (1) (2) (3) (4) (5) .
Measurements of relaxation rates in the rotating frame (R 1ρ and R 2ρ ) using spin-locking techniques have been shown to be sensitive to molecular motions and interactions on the time scale of the locking field. The variation or dispersion of such measurements with locking-field strength provides information on relatively slow molecular motions and previous studies have shown that the variations in R 1ρ with locking field in proteins and tissues may also reflect chemical exchange on an appropriate time-scale (4, 6) . Crossrelaxation in the rotating frame may allow exchanging protons to be affected by nonexchanging protons in macromolecules via through space dipolar coupling, when dispersion could reflect motions on the times scale of γB 1. Such effects are reduced when the linewidth of the macromolecular protons is much greater than the locking frequency, as is typically the case in tissues, and may be eliminated by locking at the magic angle (4) . However, at high fields the increased separation of resonance frequencies between water and other chemical species such as amides gives rise to greater contributions from chemical exchange. These exchange processes are of interest not only for their effects on R 1ρ but also on R 2 and as modulators of saturation transfer contrast (CEST) (5,7). There have been few studies undertaken which attempt to quantify these processes or derive parameters that describe them in biological samples. However, appropriate experimental R 1ρ data may be analyzed and used to estimate the rate of chemical exchange and other properties of a system in a manner analogous to the measurement of Carr-Purcell-Meiboom-Gill (CPMG) dispersion (8) . In CPMG multi-echo measurements, as the pulse rate is increased, dephasing caused by chemical exchange or other process such as diffusion (9) between sites of different resonant frequencies is more effectively refocused, resulting in an increase in measured T 2 (1/R 2 ). Similarly, with spin-locking experiments, only nuclei exchanging slowly with respect to γB 1 will be "locked" and thus not experience dephasing effects. However, it is technically much easier to achieve high locking field strength (> 1 kHz) than to use comparable CPMG pulse spacing, making spin locking more appropriate for use in an imaging context. Spin-lock contrast (T 1ρ -weighting) may be imparted to an image by the addition of a spinlock (SL) "cluster" of pulses before a standard imaging sequence (10, 11) . A typical cluster consists of a 90-degree pulse that nutates the longitudinal magnetization vector into the transverse plane, followed by a long, pseudo-continuous wave (cw) pulse that locks magnetization to the applied B 1 field. Longitudinal magnetization decays along the applied field in the rotating frame with time constant T 1ρ . After the prescribed spin-lock time (TSL) has elapsed, another 90-degree pulse returns the magnetization vector to alignment to the Zaxis (B 0 ). The residual transverse magnetization is then spoiled, and an imaging sequence may then be applied to read out the T 1ρ -weighted magnetization. By measuring for different times of application of the lock T 1ρ can be calculated, and by measuring T 1ρ at different spin-lock amplitudes, the dispersion of T 1ρ with frequency may be obtained (4) .
Although the contributions of chemical exchange to relaxation in proteins and sugars have been well studied, there is no consensus on their contribution to the origins of T 1ρ dispersion in more complex samples. In modeling exchange effects, there has been little theoretical discussion or experimental evidence of the values of critical model parameters. While chemical exchange may dominate relaxation effects in dilute protein or sugar solutions, it may be quantitatively different in organized, viscous, or dense tissue structures(4). Here we describe a set of measurements on a simple model system designed to demonstrate how quantitative parameters such as chemical exchange rates can be derived from appropriate sets of measurements in the rotating reference frame. We have selected a system of cross linked polyacrylamide gels that can be manipulated to modify the contributions of chemical exchange and magnetization transfer between amide groups and water on rotating frame relaxation. Using this system, T 1ρ dispersion measurements are fit to a theoretical two-pool model of proton exchange to extract chemical exchange rates. We demonstrate the effects of modified chemical exchange rate and polymer cross-link density on rotating frame relaxation rates and illustrate several interesting features of relaxation in the rotating frame that may be useful for understanding proton exchange dynamics in tissues. In addition, we propose a simplified method to estimate chemical exchange rates that does not rely upon on extensive model fitting and parameter estimation. The advantage of this method lies in the ability to make dispersion measurements in an imaging context under experimental conditions that otherwise may be technically difficult and that has not been previously reported. This method will be briefly evaluated for its potential to quantify the effects of macromolecular organization, composition and pH on exchange contributions to T 1ρ with a reduced dataset.
THEORY R 1ρ relaxation in a one-pool model
In a simple one-pool model as described by Hills (9) , the rotating frame relaxation rate is governed by the randomly fluctuating local magnetic fields of dipolar interactions among protons. If the time scale of fluctuations is given by correlation time τ c , R 1ρ (= 1/T 1ρ ) can be described by: [1] where ω 0 is the Larmor frequency, ω 1 = γB 1 is the applied RF field frequency, J describes the spectral density function, J(nω, τ c ) = τ c / (1+nω 2 τ c 2 ), and where µ 0 is the permeability of space, γ the gyromagnetic ratio, h is Plank's constant, I is the spin number (1/2) and r is the inter-nuclear distance.
As ω 1 approaches ω 0 , R 1ρ approaches R 1 ; as ω 1 approaches 0, R 1ρ approaches R 2 R 1ρ thus displays frequency dispersion between a maximum value of R 2 and a minimum value of R 1 . When (ω 1 τ c ) 2 ≪ 1 and ω 1 ≪ ω 0 , [2] where θ is the tilt angle of the effective locking field (tan θ = ω 1 /Δ and Δ = offset from resonance).
R 1ρ relaxation in a two-pool model
Eq. 1 is inadequate for describing more complex substances such as polymers and tissues where different proton pools exist and interact. Often the behaviors of polymerized gels and tissues can be approximately described in terms of a two-pool system in which the first pool is a liquid pool of free water (noted as pool "f") and a second pool (noted as pool "b") that includes non-exchanging protons in the polymer. [3] where p f and p b are the relative pool sizes (f = free, b = bound and exchanging proton pool) where p f + p b =1, Δω b is the frequency difference between the two pools, r b is the exchange rate, and is the transverse relaxation rate without exchange.
Chopra et al. (12) considered the more general case in which exchanging nuclei experience different relaxation rates as well as chemical shifts when moving between phases, which is more appropriate for biopolymers which exhibit strong dipolar relaxation effects. Chopra et al. modified the Bloch equations and showed how, under specific conditions, an experiment measuring R 1ρ at different locking field strengths (γB 1 ) may be used to determine solvent exchange rate. Over the limited range of locking frequencies usually available in MR imaging systems, there are negligible variations in the dipolar contributions to longitudinal relaxation, so Chopra's equation may adequately describe rotating frame relaxation in a twopool system as given in Eq. 4. [4] In Eq. 4, R 2f is the relaxation rate of free water, p b is the ratio of exchangeable sites, r b is the exchange rate from the bound to free water pools, R 1b and R 2b are the relaxation rates of the bound sites, ω 1 is the spin lock amplitude, and the chemical shift is given as Δω b . By substituting expressions for the limits of weak and strong locking fields into Eq. 4, the expression for the observed R 1ρ reduces to: [5] where S ρ 2 = (R 1b + r b ) / (R 2b + r b ) * { (R 2b + r b ) 2 + Δω b 2 }. A non-linear least-squares fit of the variation of R 1ρ with ω 1 to Eq. 5 may be used to obtain best fits of R 2 , , and . Thus, a study of R 1ρ vs. ω 1 may be used to estimate exchange rates. This approach has been used previously in an effort to quantify proteoglycans in bovine articular cartilage (13) .
We propose a simplification of this method that yields similar results under certain experimental conditions, yet requires less data and fewer assumptions regarding exchanging pool relaxation parameters. If the analytic expression in Eq. 5 is twice differentiated with respect to ω 1 , the resulting equation is: [6] This expression is equal to zero at the inflection point of Eq. 5 and corresponds to the minimum of the first derivative and the following condition: [7] If S ρ is simplified as suggested by Chopra et al. with the reasonable assumptions that (r b ≫ R 1b ) and (r b > R 2b ) given narrow lines in exchange, S ρ may be simplified to: [8] If Eq. 8 is substituted into Eq. 7, the resulting expression may be rearranged to: [9] Thus an exchange rate estimate may be simply made with knowledge of the chemical shift of the exchanging species and the rate of variation of R 1ρ with ω 1 .
Procedurally, for a two-pool system, if the second derivative is calculated after finding each successive T 1ρ value in a dispersion curve, the experiment may be stopped when the value of the second derivative crosses zero going from a negative to a positive value. This corresponds to the inflection point of the dispersion curve where, for a continuous function, the shape changes from concave downward to concave upwards. Then, the locking-field frequency where this event occurs and the chemical shift derived from prior knowledge, 1 H spectra, or CEST data can be substituted into Eq. 9 to estimate the exchange rate. This obviates the need for fitting an entire dispersion data set, and allows for estimating exchange rates in a number of useful situations. We developed a computer simulation and performed experiments to evaluate the conditions where this approach may be adapted.
METHODS

Rotating-Frame Relaxation Simulations
In order to test this model and assess the robustness of fitting experimental data, R 1ρ relaxation measurements from a simple two-pool system were simulated using modified Bloch equations in a manner described by Hills (14) . Zero-mean, Gaussian white noise was added to the simulated relaxation data, and the noisy data were subsequently fit to Eq. 5 using a Levenberg-Marquardt based non-linear least squares fitting algorithm implemented in MATLAB (R2008a, MATLAB, Natick, MA). Exchange rates (r b ) of 500 Hz to 20 kHz were simulated for a two-pool system with these characteristics: T 1f = T 2f = 3 sec, T 1b = T 2b = 10 msec, p f = 0.99, p b = 0.01, Δω b = 2 ppm, ω 0 = 2π*400 MHz. The locking field (ω 1 ) was simulated over a range of amplitudes easily achievable experimentally, from 2π*[250 Hz to 8 kHz].
Experimental Studies
Magnetic Resonance Imaging (MRI) studies were performed on a series of cross-linked polyacrylamide gels composed of acrylamide (AC) and N,N'-methylene-bis-acrylamide (BIS). These were chosen because they contain amides that are believed to be conduits for relaxation, and because their rigidity and pH can be varied without changing important elements of the composition. We have previously also studied relaxation in such gels by other methods (15) . The structures of monomer acrylamide (1A), cross-linking agent BIS (1B), and PAG (1C, 1D) are illustrated in Fig. 1 .
The cross-linking agent BIS is essentially two acrylamide molecules joined via a methylene group, and forms bridges between acrylamide chains in the polymer. A common feature to the acrylamide and BIS monomers are the amide groups, which are highlighted in bold in Figure 1 . This structural group is common to many amino acids, and contributes to basecatalyzed exchange due to the oxygen's proximity to the NH group. These oxygen groups withdraw electrons from the neighboring NH group, thus increasing local acidity, and catalyzing exchange in the presence of base (16) .
Gel Phantom Preparation
Acrylamide and N,N'-methylene-bis-acrylamide co-monomers were dissolved in deionized Milipore water (Milipore, USA) at 60 °C such that the total weight fraction of monomer in solution was held at 5%. The fractional composition of BIS monomer was varied from 2.5 to 97.5% (i.e. from 97.5% acrylamide, 2.5% BIS to 97.5% BIS, 2.5% acrylamide) in 6 increments of ~20%. Ammonium persulfate, a free radical initiator was then added (0.05% weight fraction). To catalyze the polymerization, 0.05 mL of N,N,N',N'-tetramethylethyenediamin (TEMED) was added per 100 ml of monomer solution. Gelation occurred within 5-10 min. The gels were then incubated at 25 deg C for 2 days to allow for complete polymerization. Other details of the gel preparation have been reported previously (15) .
The 30 gel samples were prepared at neutral pH in 0.6 mL plastic microtubes and then soaked for several days in buffers of known pH (Hydrion buffer, Sigma-Aldrich). The gels were titrated with buffers over a pH range of 2-11 in 5 increments. The pH of each buffer was monitored and shown not to change with soaking. Excess buffer was removed and the weight was found to stay consistent within 5% of the initial value.
MRI Measurements
Magnetic resonance experiments to measure T 1ρ dispersion were performed in a horizontal 400 MHz magnet (Magnex Scientific Lrd, Abingdon, UK) interfaced to a Varian Inova imaging system (Varian, Palo Alto, CA, USA). A 10 mm loop-gap coil (Doty Scientific, USA) was used to transmit and receive RF signals. The pulse sequence used was described by Sepponen et al. (10) to obtain T 1ρ weighted images (See Fig. 2) . The SLT was arrayed in ten logarithmically spaced intervals from 20 ms to 1 second. The SLA was also logarithmically arrayed from 2π*[250 Hz to 8 kHz], (5.87 µT to 187.88 µT) in 10 intervals. Temperature was monitored by thermocouple connected to an animal physiologic monitoring system (SA Instruments, Stony Brook, NY). All measurements were maintained at 21 °C.
The SL cluster was added before a standard fast spin echo (FSE) imaging sequence. The imaging parameters were: field of view (FOV) = 10 mm 2 , matrix = 64×32, slice thickness = 3 mm, echo train length (ETL) = 16 with centric phase encoding, TR = 4 sec, and NEX = 1.
A region of interest (ROI) was placed in the center of each sample image and propagated to all the images in the arrayed dispersion data set in MATLAB. T 1ρ values were calculated with a three-parameter, least-squares fit to a monoexponential decay function for each SLA using the Levenberg-Marquardt algorithm (17). The dispersion data were then fit to the Chopra two-site fast exchange model [Eq. 5] yielding values of R 2 , , and r b . In addition, the data points were used to estimate numerically the second derivative of the dispersion curve, and the zero crossing frequency was used along with the measured chemical shift to estimate r b with Eq. 9.
RESULTS
Simulation Results
The results of progressively adding noise to simulated R 1ρ dispersion data revealed the minimum SNR values that would produce stable fits of data to the Chopra model. The fits of the simulated R 1ρ dispersion data with a SNR greater than 20:1 to Eq. 5 yielded r b values accurate to within 5% of the input values over exchange rates from 2 kHz to 10 kHz. As the simulated exchange rate dropped below 1 kHz to the lowest simulated rate of 500 Hz, the fitting became more unreliable, accurate to within 11% of the simulated r b value. As the simulated r b approaches 20 kHz, the fit became less accurate with the calculated error rate growing to 4% of the simulated value. These data provided guidance for minimum imaging SNR, which was held greater than 80:1 for the first image of the R 1ρ relaxation sequence and truncated when SNR decayed below 10:1 to avoid noise bias in the fitting procedure (18) .
Taking the second derivative of the simulated R 1ρ dispersion data provided the frequency of the inflection point of the curve. This frequency was then inserted into Eq. 9 and the results compared to the results of the Chopra fitting. The results are nearly identical as long as the condition r b ≫ R 2b holds. If the inflection point falls too low, the model subtraction in Eq. 9 fails. This effect is shown in Fig. 3 over a range of chemical shifts where for exchange rates from 100 Hz to 2.5 kHz, and R 2b = 125 Hz, the second derivative estimate falls below the simulated exchange rate. As the simulated exchange rate increases, the estimate from the second derivative approaches the simulated rate asymptotically.
As there is no fitting for the second derivative method, adding noise to the simulated signal affected the results in a different manner. The second derivative exchange rate estimates are stable as long as the conditions stated in the previous section are met and the measured R 1ρ values do not fluctuate up and down causing additional zero crossings in the second derivative. This occurred in simulation when the SNR dropped below 10. Figure 4a shows measured R 1ρ vs. %BIS across different pH values at low SLA (250 Hz). R 1ρ increases with BIS concentration and with pH above 7. Figure 4b shows the measured R 1ρ relaxation rates at high SLA (4 kHz). The R 1ρ values also increased as BIS replaces AC as a percentage of total monomer concentration at high SLA. Above 40% BIS there appears to be a rapid increase in R 1ρ as opposed to the values below 40% BIS concentration. R 1ρ values also increase with pH at high SLA. Figure 5 illustrates a typical set of R 1ρ dispersion curves at a fixed low %BIS concentration across a range of pH values. These curves illustrate the effect of increasing SLA on measured R 1ρ . In general R 1ρ approaches a maximum value at the minimum measured SLA. R 1ρ approaches a minimum at the maximum measured SLA. As pH rises from 2 to 11, the measured R 1ρ shows a marked increase in values above pH 7. Figure 6 shows typical R 1ρ dispersion curves and corresponding best fit to the Chopra model in Eq.5 for both low and high % BIS samples at high pH. The solid stars represent the measured R 1ρ and corresponding standard deviation confidence interval from the fitting algorithm. The solid line represents the best fit of the data to the model, and the dashed line represents the second derivative.
Fitting to Chopra Model
Fitting the experimental data to the Chopra model yields values for R 2 ,
, and exchange rate (r b ). Assumed parameters for the fitting were taken from literature values and include T 2b = 8 msec, T 1b = 1 sec (15, 19) , and a chemical shift (Δω b ) of 3 ppm, confirmed via CEST spectrum (20) (Data not shown) . In general the values of r b were robust and not significantly sensitive with respect to the assumed B pool relaxation values, consistent with simulations by both Hills and Woessner (19, 21) . For example, the 2.5% BIS samples had r b values estimated within ±10% of the reported value for R 2b values between 10 ms and 10 μs. Figure 7a shows a trend in the calculated chemical exchange rate vs. pH for 2.5 % BIS tubes. The Chopra fitting and the second derivative methods are shown. For the lower pH values, the zero crossing frequency fell below the threshold to yield a positive number from Eq. 9 and so those values are given as zero. This is consistent with Figure 5 , which shows the inflection point moving from just over 500 Hz for the lower pH values to just over 700 Hz at higher pH values. It is clear that as the pH increases the calculated r b value increases by a factor of 4. Figure 7b shows the measured chemical exchange rate at 98% BIS across a range of pH values. This figure also shows an increase in calculated r b by a factor of 4, but at rate approximately an order of magnitude greater than at the low % BIS. Figure 8 shows trends in measured chemical exchange rate vs. % BIS at a fixed pH value. Calculated chemical exchange rates increased with % BIS. The second derivative method calculated exchange rates also reflect this trend. The first few values in 8.a. are reported as zero as the zero crossing frequency fell below the threshold for a positive result from Eq. 9.
DISCUSSION AND CONLCUSIONS
The increase of measured R 1ρ values with pH is consistent with the hypothesis that chemical exchange can be a dominant contributor to rotating frame dispersion. The most likely sites for chemical exchange in this model system are the amide protons in the polymer chain. Previous reports have shown that amide proton exchange is predominantly a base-catalyzed reaction over the range of pH values measured, and that exchange rates decrease sharply in high pH environments (7, 22) . The intrinsic exchange rate at neutral pH is approximately T ex = 10 sec, while at pH 9 this drops to 10 −5 sec. Therefore it is likely that the increase in R 1ρ seen at high pH is related to an increase in exchange rates between water and amide protons on the PAG polymer chain. The increase in R 1ρ values with pH as is shown in Figure 4a and 4b support this hypothesis, as the measured relaxation rates increase markedly above neutral pH. It is thought that the increased base-catalyzed exchange rate at high pH acts as a conduit to allow protons in free water to exchange with the protons on the macromolecule (23).
R 1ρ was also observed to rise with % BIS. The increased rigidity of the gels as BIS replaces AC likely serves to increase the size of the B pool and the possibilities of spin diffusion (3, 4) . Previous MT experiments by Kennan et al. (15) support this view and they reported a linear increase in the value of the measured macromolecular pool size with increased % BIS. Their observed T 2 shortening was attributed to rigid structures formed during the crosslinking reaction. Their effects on calculated exchange rates are discussed later.
Exchange Dependence on Polymer Side Chains
The increase of exchange rates with %BIS shown in Figure 8 is also consistent with the view that the predominant factor mediating T 1ρ dispersion in this tissue model is amide proton exchange. Figure 8a at pH 7, shows a near linear increase (R 2 = 0.95) of exchange rate from 2.5% BIS to 97.5% BIS. Figure 8b shows the same experiment at pH 11, where a similar linear dependence is shown (R 2 = 0.96). This result was somewhat unexpected as the total weight fraction of monomer was kept constant at 5% (wt/wt). It was thought that the exchange rate would remain constant and that R 1ρ would show a slight decrease due to the small difference between the numbers of exchanging protons per mass as BIS replaces AC. However, a plausible explanation may be found in the work of Molday and Bai (16, 24) , who showed that the addition of side chains to simple peptides such as N-methylacetamide resulted in greatly increased exchange rates, due to increased local acidity, thus making the NH group susceptible to exchange with OH − catalyst. A similar effect may account for the increase in calculated exchange rates as BIS replaces AC in the PAG samples due to the increasing chain length modifying the local acidity of NH groups. It is typically not possible to precisely extract proton pool sizes from T 1ρ dispersion measurements. Hills et al. and others (19, 25) have demonstrated that these dispersion curves may be adequately fit with a significant range of values with the mean exchange rate being the most robustly fitted parameter. Thus, no attempt was made to estimate pool size changes in these gels from Eq 4.
With a linear fit to the data in Figure 8b , the mean exchange rates for pure AC and BIS are estimated as 300 Hz and 1800 Hz respectively at pH 7 and 21 deg C. These rates compare favorably to those of Bai and Molday at pH 7 and 25 deg C for primary amides (such as AC) and N-methylacetamide, which differs only slightly from BIS. These results are also supported by the work of Kennan et al. and Gochberg et al (15, 26) , who showed similar side-chain and pH dependence in BIS and AC gels in magnetization transfer experiments.
It is important to note that the calculated exchange rate estimates are apparent average rates and may reflect the combined effects of chemical exchange, diffusion or other processes in the phantom. However, the contribution of chemical exchange to the overall rate R 1ρ may be estimated. As an example, for the 2% BIS gel the calculated exchange rate was near 150 Hz from pH 2 through 7 where amide chemical exchange is slow. However, in basic solutions the calculated rate increased greatly to near 1200 Hz as shown in Fig. 7 .a. By inputting pool sizes from the molecular composition of the 2% BIS gel (calculations not shown) and appropriate relaxation terms for the two proton pools into the Bloch equation simulation (P a = 0.99, P b = 0.01, T 1a = T 2a = 3 sec, T 2a = 1 sec, T 2b = 8 msec, r b = 150 Hz, Δω b = 3.0 ppm), R 1ρ is predicted to be near 2.0 s −1 for an exchange rate of 150 Hz. The fitted R 1ρ value from Figure 5 is near 4.0 s −1 at pH 7 where the calculated exchange value is 150 Hz. As the simulated exchange rate nears 1200 Hz, the predicted R 1ρ approaches 9.0 s −1 , which nearly matches the Figure 5 value of s −1 Hz for pH 11. Thus, for the acrylamide system studied here at 9.4T, exchange-mediated relaxation may correspond to near 50% of the observed R 1ρ value at neutral pH and below. At high pH, exchange accounts for approximately the entire observed relaxation rate. This finding is consistent with Duvvuri who estimated a 66% contribution of proton exchange to dispersion in model cartilage systems (6) .
pH Dependence
Both low and high %BIS samples in Figure 7 show increases in calculated exchange rate by a factor of 4 over the range of pH values studied. This change is not equivalent to the intrinsic lifetime of amide protons on the PAG, since the intrinsic rates would have changed by a factor of over 10 6 over the same pH range. This difference may be attributed to a number of issues that will be addressed separately below.
The pH dependence of exchange at NH sites on the BIS and AC polymer chains cannot be adequately described by simple acid or base-catalyzed chemical exchange as shown in Eq. 10. Following the work of Liepinsh and Otting (23), the observed chemical exchange rate may be estimated by: [10] where k obs is the observed chemical exchange rate as a function of the exchange rate constants k a , k b , and k ci due to catalysis by H + , − OH or other catalyst such as water. The term di is typically 1 or 2 depending on the exchange mechanism. For base-catalyzed exchange, logarithmic pH-dependence is typically observed over a wide range of pH values in amide proton exchange. This behavior is typically observed in monomers in solution (7) . Such an analysis cannot account for the more linear pH dependent proton exchange results shown in Fig. 7 . Similar dependences on pH have been reported previously in other PAG and gel systems (15, 26, 27) . Monomers of AC and BIS in aqueous solution could not be tested over the same pH range due to solute precipitation.
Possible explanations for the non-logarithmic dependence of pH include at least four factors: differences in the number of exchanging sites on the macromolecule, the existence of a distribution of pK values on the polymer chain, conformational changes induced by extreme pH, and heterogeneity in the gel structure inherent in the PAG cross-linking reaction. First, there may be a distribution in the degree of protonation among the exchanging sites on the macromolecule. Then, the value of k obs would no longer be adequately represented by Eq. 10 and must be modeled using n-site chemical exchange models (28) . This concept may then be extended to the possibility of a distribution of pK values among the exchanging sites, thus complicating analysis by traditional chemical methods and resulting in a nonlogarithmic dependence of exchange rate on pH. The third issue pertains to the spatial distribution of pH in the gel, whereby the local environment of the PAG may be heterogeneous in terms of its structural and electrical properties. Cross-linking the samples prior to pH manipulation mitigated this effect on gel preparation. However, the degree to which subsequent changes were induced in the gel is unknown. The fourth issue may be related to structural changes within the gel as BIS replaces AC in the more rigid gels (above 30% BIS). These changes were easily observed in the more rigid gels as they became opaque and scattered light. Gelfi et al. (29) have previously reported this phenomenon, and they describe small beadlike structures formed of hydrophobic BIS cross-linking with itself as AC becomes scarce. These hydrophobic regions contribute an unknown set of perturbations to the local electrical environment of the polymer, often grouped together as polyelectrolyte effects (30) . These hydrophobic regions may have an effect on the amount of bound water on the macromolecule and have an unknown subsequent effect on the protonation of exchanging sites.
Fitting Methods Compared
The Chopra and second derivative methods give similar results as long as the appropriate conditions are met (r b ≫ R 2b ). This restriction suggests the second derivative technique is best used under intermediate to fast exchange conditions at small chemical shift as shown in Fig. 3 . The proposed technique may prove especially useful for clinical imaging systems in which the available B 1 amplitudes can exceed R 2b and Δω b several fold, but where maximum B 1 is ultimately limited by specific absorption rate requirements. This method carries the obvious advantage of requiring less data and no model fitting, thus removing the need to estimate pool sizes or relaxation parameters. However, the potential SNR requirements of ~80:1 identified in the simulations may extend imaging time beyond clinically acceptable lengths. Further optimization for clinical scanners may be required. Although, prior knowledge of the exchanging species must first be determined, maps of ω 1 2 will be linearly proportional to r b 2 with offset Δω b , so these may be useful for portraying distributions of relative exchange rates. Therefore, an additional advantage of this technique may exist in providing unique contrast from exogenous contrast agents with numerous chemically exchanging groups at known exchange rates (31) . These agents may alter the average observed exchange rate and shift the T 1ρ dispersion curve obtained in a tissue of interest towards that of the contrast agent alone. This may allow for a rate-dependent SL imaging method as compared to a chemical shift-dependent method with CEST imaging.
It is worth considering that the B 1 powers used were not explicitly tailored to the resulting rate estimates. There may be some dependence on the spacing of locking field frequencies that may need to be optimized in an iterative fashion. This would provide improved spacing of data points around each inflection point. Due to the large number of samples and wide range of calculated rates, iterative adjustment of locking field was not attempted for these experiments. It may also be useful to employ some simple smoothing or windowing algorithm to the R 1ρ dispersion values to reduce the effects of small fluctuations in measured rates. Alternatively, the data may be fit to Eq. 5 to estimate the inflection point, R 2 , and . The second derivative of the fit data may then be taken, thus providing a smooth curve for interpretation. This represents an intermediate method, requiring some data to be fit, but it makes no assumptions regarding the characteristics of the exchanging species.
Conclusions
The advantage of the T 1ρ technique lies in the ability to make dispersion measurements in an imaging context in a regime where other approaches may be technically difficult. This allows for ready translation to in vivo imaging, with the range of achievable locking fields being the primary limitation. The upper limit is given by the stable pseudo-cw-power achievable by the RF amplifier and specific absorption rate considerations. This is typically in the 20 kHz range on small animal systems and 2 kHz for human imagers. The newly proposed second derivative estimation method may address some of these limitations, specifically for low available B 1 , low field strength, and moderate to high exchange rates often encountered clinically. With most biological exchange processes in the kHz range (4, 6, 32) , T 1ρ dispersion holds much promise for characterizing these processes in a variety of in vivo and ex vivo experiments.
Here we have demonstrated that there are a variety of structural and chemical effects on T 1ρ relaxation dispersion and that these effects may be characterized and fit with suitable models of chemical exchange. Relaxation measurements and fit to a dispersion model of chemical exchange in a simple polymer system avoids many of the complexities of heterogeneous tissue systems and allows for a more clear understanding of the effects of chemical exchange on rotating frame relaxation. The technique is sensitive to perturbations in measured chemical exchange rate and in composition of polymer. The observed relaxation data and fits for chemical exchange parameters are consistent with known relaxation models Spin lock cluster before fast spin-echo (FSE) sequence as described by Sepponen et al. AHP represents a 90-degree adiabatic half-passage excitation pulse. SLA and TSL are the spin lock amplitude and spin lock time respectively. RHP represents a reverse adiabatic 90-degree pulse that returns T 1ρ -prepped magnetization to the Z-axis. Residual transverse magnetization is spoiled prior to image acquisition. Simulated exchange rates from the Bloch equations plotted vs. the estimated rates from the second derivative method and Eq. 9. The results are nearly identical as long as the condition r b ≫ R 2b holds. As the simulated exchange rate increases the estimate from the second derivative approaches the simulated rate asymptotically. a. R 1ρ vs. BIS at low SLA. b. R 1ρ vs. BIS at high SLA. R 1ρ values increase rapidly above neutral pH. Note that R 1ρ values increase with % BIS which is consistent with increasing gel rigidity. R 1ρ vs. SLA at low % BIS. These characteristic dispersion curves were fit to the Chopra model in Eq. 5. The error bars represent one standard deviation. Fit of R 1ρ data to Chopra model (solid red line, Eq. 5) for both low %BIS (6.a) and high % BIS (6.b) along with second derivative (dashed line). Note that the dispersion curve is shifted to higher frequency in Fig. 6 .b. The error bars represent one standard deviation. a. Shows mean exchange rate (r b ) as a function of pH at low (2.5%) BIS. 7.b. Mean exchange rate vs. pH at high (98%) BIS. The blue lines correspond to the Chopra fit (Eq. 5) with 1 SD error bars. The red circles are the second derivative method (Eq. 9). The second derivative estimate is given as zero if the inflection point fell below the rate necessary for a positive result. Note the calculated exchange rates increase by approximately an order of magnitude from low to high % BIS. a. Calculated exchange rate (r b ) vs. %BIS at pH 7. 8.b. Calculated exchange rate vs. %BIS at pH 11. The blue lines correspond to the Chopra fit (Eq. 5) with 1 SD error bars. The red circles are the second derivative method. The second derivative estimate is given as zero if the inflection point fell below the rate necessary for a positive result from Eq. 9. Note that the overall exchange rates are much higher at each %BIS value at high pH.
